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Abstract
X-ray behavior of the dwarf novae (DNe) outside the quiescent state has not been fully un-
derstood. We thus assembled 21 data sets of the 15 DNe observed by the Suzaku satellite
by the end of 2013, which include spectra taken during not only the quiescence, but also the
transitional, outburst, and super-outburst states. Starting with the traditional cooling flow model
to explain the X-ray emission from the boundary layer, we made several modifications to ac-
count for the observed spectra. As a result, we found that the best-fit spectral model depends
strongly on the state of the DNe with only a few exceptions. Spectra in the quiescent state
are explained by the cooling flow model plus a Fe fluorescent line emission attenuated by an
interstellar extinction. Spectra in the transitional state require an additional partial covering
extinction. Spectra in the outburst and super-outburst state require additional low-temperature
thin-thermal plasma component(s). Spectra in the super-outburst state further require a high
value of the minimum temperature of the boundary layer. We present an interpretation on the
required modifications to the cooling flow model for each state.
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1 Introduction
Dwarf novae (DNe) are semi-detached close binary systems
consisting of a late-type star and a white dwarf (WD) with a
weak magnetic field (≤106 G; van Teeseling et al. 1996). The
gas of the secondary star fills the Roche lobe and flows onto
the WD. The accreting gas has an angular momentum, and an
accretion disk is formed around the WD (see Warner 1995 for
a review of DNe). The accretion disk has two stable states, in
which the hydrogen is either neutral (∼103 K) or is fully ion-
ized (∼104 K). These states correspond to the quiescent and the
outburst state, respectively, in the optical light curve. The tran-
sition between the quiescent state and the outburst state is con-
sidered to be caused by thermal instability of the accretion disk
(Osaki 1974; Ho¯shi 1979; Meyer & Meyer-Hofmeister 1981).
Some DNe also show super-outbursts, which are brighter and
longer than normal outbursts. This is probably caused by ther-
mal and tidal instability of the disk (Whitehurst 1988; Osaki
1989; Hirose & Osaki 1990).
These sources are also known as copious EUV and X-ray
photon emitters. Whereas the gas in the inner edge of the accre-
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tion disk follows the Kepler rotation, the rotation velocity of the
WD is much slower. Therefore, when the gas falls to the WD
surface, it is decelerated by a strong frictional force, and the
kinetic energy is dissipated into thermal energy. This region is
called the boundary layer (BL), and its temperature is heated to
∼108 K. The strong EUV and X-rays are mainly emitted from
this region.
Baskill et al. (2005) and Pandel et al. (2005) carried out a
systematic study of X-ray emission from DNe using the archival
data set of the ASCA and XMM-Newton observatories, respec-
tively. These authors revealed that the BL consists of optically
thin multi-temperature plasma, that is explained by isobaric
cooling flow model in the quiescent state. They also reported
that spectra in the outburst state deviate from the isobaric cool-
ing flow model. However, the number of samples in the outburst
state is small in their data sets, thus the X-ray behavior of DNe
during non-quiescent state was not fully described yet.
In this paper, we use the Suzaku X-ray archival data. A rich
data set is found in the archive, including the quiescent, tran-
sition, outburst, and super-outburst states for the same several
sources. Therefore, our catalog supplements the previous two
studies and is well suited to investigate differences in the X-ray
behavior among the states. There are two purposes of this pa-
per; (1) to present a DNe X-ray spectral catalog from the Suzaku
archive, and (2) to describe general X-ray spectroscopic features
during each state.
2 Observations & Reduction
2.1 Suzaku
We used the archival data of the Suzaku satellite (Mitsuda et al.
2007). Suzaku has two instruments: one is the X-ray Imaging
Spectrometer (XIS; Koyama et al. 2007) and the other is the
Hard X-ray Detector (HXD; Kokubun et al. 2007; Takahashi
et al. 2007). We concentrated on the XIS data, since no signifi-
cant signals were detected with HXD for most data sets.
The XIS consists of four X-ray CCD cameras, each of which
is located in the focal plane of the X-Ray Telescope (XRT;
Serlemitsos et al. 2007) modules. The XIS has a sensitivity in
an energy range of 0.2–12.0 keV band. The XIS0, 2, and 3 are
front-illuminated (FI) devices, while XIS1 is a back-illuminated
(BI) device. The former has a higher quantum efficiency in the
hard band, while the latter has in the soft band. The combi-
nation of the XIS and the XRT offers an imaging capability to
cover a field of view of ∼17.′8×17.′8. The entire XIS2 and a
part of XIS0 have been dysfunctional since 2006 November 9
and 2009 June 23, respectively, due to putative micro-meteorite
hits. We thus used the remaining part of XIS0, XIS1, and XIS3
in all the data set.
2.2 Data set
We constructed our sample list based on Ritter & Kolb (2003).
Among those classified as DNe, 23 sources were found to be
within 9′ of the XIS field center. We removed sources (i) lo-
cated in a globular cluster or unresolved from other sources, and
(ii) with no significant detection of the XIS by quick-look anal-
ysis (CP Dra). For each observation, we constructed an optical
light curves using the American Association of Variable Star
Observers (AAVSO) 1 International Database (figure 1). As a
result, we obtained a list of 15 DNe for various types (SU UMa,
U Gem, Z Cam types) with 21 observations for various states
(quiescent, outburst, super-outburst, and transitional states; ta-
ble 1). Here, we define the “transitional state” as the period
between the onset and the peak, and the “outburst state” from
the peak to the quiescence level in an outburst by the optical
light curve. Four DNe have multiple observations in different
states, which is a uniqueness of our data set.
2.3 Data reduction
For all observations, the XIS was operated with the normal
clocking mode with a read-out time of 8 s. We discarded events
during the South Atlantic Anomaly (SAA) passages and the el-
evation angles from the day Earth by ≤ 20◦ and the night Earth
by ≤ 5◦. We extracted source events within a 3′ radius circle,
and the background events from a 4–6′ annulus for all the tar-
gets. For FL Psc, we further removed events within a 2′ radius
circle of a near-by point-like source.
Throughout this paper, we used HEADAS software pack-
age2 version 6.15 for data reduction. The response files of
XIS and XRT were generated using the xisrmfgen and the
xissimarfgen (Ishisaki et al. 2007) tools, respectively.
3 Analysis
The average XIS1 spectra in the 0.25–8.0 keV band are shown
for 21 observations in figure 2. Almost all the spectra exhibit
a complex of Fe lines in the 6–7 keV band, which is composed
of the fluorescent line from neutral or low ionized Fe, He α line
from Fe XXV, and Ly α line from Fe XXVI. We use the 0.25–
8.0 (BI) and 0.4–10.0 keV (FI) band spectra for the fitting. We
inspected all the light curves and found no clear phase change,
thus we only deal with time-averaged spectra unless otherwise
noted.
3.1 Spectral hardness
In order to have an overview of the spectral properties, we first
investigated the hardness ratio (HR) defined as (H − S)/(H +
1 See https://www.aavso.org/ for details.
2 See http://heasarc.gsfc.nasa.gov/docs/software/heasoft/ for de-
tails.
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Table 1. Log of Suzaku observations of dwarf novae.
Target Type∗ State† Obs date Seq num texp ‡ Porb§ Inclination Distance References
(ks) (hr) (pc)
VY Aqr SU Q 2007-11-10 402043010 25.4 1.514 63◦±13◦ 97+15−12 1, 2
SS Aur UG Q 2008-05-04 402045010 19.5 4.387 40◦±7◦ 200±26 3, 4, 5
Z Cam ZC T 2009-04-10 404022010 37.7 6.956 68◦ 163+68−38 2, 6, 7
O 2012-11-08 407016010 35.9
BV Cen UG Q 2013-02-06 407047010 33.4 14.643 53◦±4◦ 400 8, 9, 10
SS Cyg UG Q 2005-11-02 400006010 39.5 6.603 45◦–56◦ 114±2 11, 12, 13
O 2005-11-18 400007010 56.1
BF Eri UG Q 2013-02-27 407045010 32.8 6.501 38◦–40.5◦ 700±200 14
U Gem UG O 2012-04-12 407035010 50.3 4.246 69.7◦±0.7◦ 96.4±4.6 5, 15, 16
Q 2012-04-24 407034010 119.1
VW Hyi SU S 2011-11-29 406009010 70.1 1.783 60◦±10◦ 82±5 17, 18, 19
Q 2011-12-29 406009020 16.2
Q 2012-02-29 406009030 20.1
Q 2012-05-02 406009040 16.8
KT Per ZC Q or T 2009-01-12 403041010 29.2 3.904 60◦ 180+36−28 10, 20, 21
FL Psc SU Q 2009-01-10 403039010 33.3 1.357 – 130±30 22, 23
V893 Sco SU Q 2006-08-26 401041010 18.5 1.823 72.5◦ 155+58−34 2, 24, 25
EK TrA SU Q 2012-08-10 407044010 77.9 1.509 58◦±7◦ 180 26, 27
BZ UMa SU Q 2008-03-24 402046010 29.8 1.632 57◦ 228+56−38 10, 29, 30
CH UMa UG Q 2012-05-01 407043010 45.2 8.236 21◦±4◦ 480 10, 29, 30
SW UMa SU Q 2007-11-06 402044010 16.9 1.364 45◦±18◦ 159±22 4, 21, 31
CP Dra SU Q 2010-05-24 705054010 104.8 1.939 — — 32
∗ The DNe sub-classification by Ritter & Kolb (2011): UG=U Gem, ZC=Z Cam, and SU=SU UMa type.
† States based on the optical light curve: Q=quiescent, T=transitional, O=outburst, and S=super-outburst.
‡ Exposure time.
§ Orbital period.
References–(1) Thorstensen & Taylor 1997; (2) Thorstensen 2003; (3) Shafter & Harkness 1986; (4) Shafter 1983; (5) Harrison et al. 1999;
(6) Hartley et al. 2005; (7) Thorstensen & Ringwald 1995; (8) Hollander et al. 1993; (9) Watson et al. 2007; (10) Patterson 2011; (11) Hessman
et al. 1984; (12) Bitner et al. 2007; (13) Miller-Jones et al. 2013; (14) Neustroev & Zharikov 2008 (15) Marsh et al. 1990; (16) Zhang &
Robinson 1987; (17) van Amerongen et al. 1987; (18) Schoembs & Vogt 1981; (19) Barrett 1996; (20) Echevarrı´a et al. 1999; (21) Thorstensen
et al. 2008; (22) Kato et al. 2009; (23) Reis et al. 2013; (24) Mukai et al. 2009; (25) Mason et al. 2001; (26) Mennickent & Arenas 1998;
(27) Godon et al. 2008; (28) Jurcevic et al. 1994; (29) Thorstensen et al. 2004; (30) Friend et al. 1990; (31) Howell & Szkody 1988; (32) Shears
et al. 2011.
S). Figure 3 shows the histogram of HR with different symbols
for different states. The HR distribution shows that different
states have different distributions despite the inhomogeneity of
the date set: the transitional state exhibits hard spectra, and the
outburst and the super-outburst states exhibit softer spectra than
those in the quiescent state. This indicates that the state is a
primary factor to characterize X-ray spectra of DNe.
3.2 Fiducial model
For spectral fitting, we begin with the isobaric cooling flow
model (mkcflow: Mushotzky & Szymkowiak 1988). In this
model, the accreting gas cools as a steady flow with gradually
changing temperatures under an equal pressure, and each tem-
perature layer emits an optically-thin thermal plasma radiation.
Despite its simplicity, the model is known to describe the X-ray
spectra of DNe very well at least in the quiescent state (e.g.,
Mukai et al. 2003; Pandel et al. 2005). The free parameters are
the maximum and minimum temperatures of the plasma (Tmax
and Tmin), the metal abundances (Z), and the normalization.
The normalization represents the mass accretion rate (M˙ ). We
used the abundance table by Wilms et al. (2000) and varied the
relative abundance collectively for all metals. We fixed Tmin to
80.8 eV unless otherwise noted. This is the lower limit value of
the model in the XSPEC fitting package, which we assume to
be the temperature of the WD surface.
We fitted the background-subtracted spectra using the cool-
ing flow model attenuated by a photoelectric absorption (tbabs:
Wilms et al. 2000) to account for the extinction by the inter-
stellar medium (ISM). Some sources show excess emission at
6.4 keV, which is presumably from the reprocessed Fe fluores-
cence emission. We added a Gaussian model for this line. We
4 Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0
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Fig. 3. Distribution of hardness ratio (H −S)/(H + S). Different symbols
show different states shown in the legend.
refer this model as the “fiducial model” in the rest of the paper.
The fitting result is shown in table 2. We fixed the NH val-
ues for Z Cam, SS Cyg, U Gem and VW Hyi based on ultravi-
olet spectral studies of individual sources (Baskill et al. 2005,
Mauche et al. 1988, Long et al. 1996, and Polidan et al. 1990).
For the others, the NH value was a free parameter. The metal
abundance was tied for all the spectra of the same source in the
same state. We did not tie the metal abundance for spectra of the
same source in different states. This is because, in general, the
plasma temperature differs for different states, and the elements
with the most prominent line emission change. Thus, it is not
unexpected to have different best-fit values of metal abundance
when they are thawed collectively.
It is remarkable that the result is quite distinctive between
the quiescent state and the other states. If we adopt the reduced
χ2 value of 1.33 to be the success or failure criterion of the
fitting, all but two (BV Cen and V893 Sco) sources were fitted
successfully with the fiducial model for the quiescent state. The
fiducial model is not successful to explain the spectra in the
other states.
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Fig. 1. Optical light curves from AAVSO. Filled circles are observed magnitude, while open triangles are the upper limits. The hatched stripes indicate the
duration of the Suzaku observations.
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Fig. 1. Continued.
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Fig. 2. Average XIS1 spectra in 0.25–8.0 keV band for all data sets. The spectra are shifted in the vertical direction for clarity. State based on the optical
light curve: Q=quiescent, T=transitional, O=outburst, and S=super-outburst. For VW Hyi in the quiescent state, Q1, Q2, and Q3 correspond to the sequence
number of 406009020, 406009030, and 406009040, respectively.
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Table 2. Best-fit parameters with the fiducial model in the 0.25–10.0 keV band.∗
Target State Seq num NH Tmax Z M˙ EW LX χ2red (dof)
(×1020 cm−2) (keV) (Z⊙) (×10−11 M⊙ yr−1) (eV) (×1030 erg s−1)
VY Aqr Q 402043010 < 3.3 18.4+2.3−1.2 1.0+0.3−0.2 0.070+0.004−0.006 225+61−61 2.18+0.03−0.03 1.07 (189)
SS Aur Q 402045010 1.3+0.7−0.9 26.5+2.1−1.2 2.3+0.3−0.3 0.53+0.02−0.02 96+27−29 22.2+0.2−0.2 1.12 (316)
Z Cam T 404022010 0.4† 80+4−4 3.9+0.2−0.2 1.05+0.03−0.03 109+14−14 100.2+0.3−0.3 3.42 (2757)
O 407016010 0.4† 3.8+0.2−0.1 0.5+0.1−0.1 0.39+0.02−0.02 996+235−252 2.47+0.04−0.04 1.96 (183)
BV Cen Q 407047010 51+1−1 < 77.0 2.6+0.2−0.2 3.74+0.07−0.04 60+20−20 352.2+1.5−1.5 1.48 (1334)
SS Cyg Q 400006010 0.35† 52.5+1.1−0.7 1.22+0.04−0.04 1.50+0.01−0.02 65+3−7 103.5+0.2−0.2 1.13 (4200)
O 400007010 0.35† 7.26+0.09−0.09 0.63+0.02−0.02 2.84+0.06−0.06 137+27−27 36.6+0.1−0.1 2.58 (1592)
BF Eri Q 407045010 1.3+0.6−0.7 10.2+0.9−0.4 0.04+0.04−0.03 6.84+0.27−0.48 144+64−70 118.7+1.3−1.3 1.02 (302)
U Gem Q 407034010 0.31† 26.2+1.0−0.6 2.0+0.1−0.1 0.224+0.003−0.005 53+13−14 9.21+0.05−0.05 1.07 (990)
O 407035010 0.31† 16.5+0.4−0.3 1.7+0.1−0.1 0.69+0.01−0.01 139+13−13 19.7+0.1−0.1 1.60 (1161)
VW Hyi S 406009010 0.006† 2.18+0.02−0.03 0.53+0.02−0.03 1.54+0.03−0.02 694+110−108 4.77+0.03−0.03 1.78 (735)
Q 406009020 0.006† 9.3+0.1−0.1 1.80+0.07−0.06 0.53+0.01−0.01 23+15−15 9.08+0.05−0.06 1.32 (664)
Q 406009030 0.006† 10.0+0.1−0.1 1.80 (tied) 0.42+0.01−0.01 22+15−15 7.54+0.05−0.05 1.15 (680)
Q 406009040 0.006† 9.8+0.1−0.1 1.80 (tied) 0.45+0.01−0.01 9+15−9 7.96+0.05−0.05 1.15 (609)
KT Per Q or T 403041010 27+2−1 14.5+0.4−0.5 0.6+0.1−0.1 0.72+0.03−0.02 62+25−25 17.9+0.1−0.2 1.06 (417)
FL Psc Q 403039010 < 1.0 15.0+1.7−2.5 1.2+0.4−0.5 0.048+0.005−0.003 228+130−130 1.25+0.03−0.03 1.00 (127)
V893 Sco Q 401041010 85+2−1 35.7+0.7−1.3 2.0+0.1−0.1 1.49+0.04−0.02 47+10−10 77.7+0.4−0.4 1.34 (1077)
EK TrA Q 407044010 2.5+0.4−0.3 12.4+0.1−0.2 1.2+0.1−0.1 1.17+0.02−0.01 24+10−10 25.7+0.1−0.1 1.12 (1593)
BZ UMa Q 402046010 < 0.21 13.7+0.6−0.4 1.0+0.1−0.1 1.07+0.02−0.03 59+25−25 25.7+0.2−0.2 1.02 (471)
CH UMa Q 407043010 4.9+0.5−0.6 15.0+0.5−0.3 1.4+0.1−0.1 5.4+0.1−0.2 68+17−17 140.2+0.8−0.8 1.18 (761)
SW UMa Q 402044010 0.4+0.8−0.4 7.5+0.4−0.3 0.6+0.1−0.1 0.69+0.03−0.03 197+65−71 9.4+0.1−0.1 1.15 (226)
∗ Parameters are for the hydrogen column density (NH), the maximum plasma temperature (Tmax), the metal abundance with respect to the solar value (Z), the
mass accretion rate (M˙ ), the equivalent width of 6.4 keV line (EW) and the luminosity in the 0.5–10.0 keV band (LX). The reduced χ2 (χ2red) and the degree
of freedom (dof) are also shown for the goodness of the fitting. The errors indicate a 1σ statistical uncertainty.
† Hydrogen column density was fixed based on ultraviolet observations: Z Cam; Baskill et al. (2005), SS Cyg; Mauche et al. (1988), U Gem; Long et al. (1996),
VW Hyi; Polidan et al. (1990).
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3.3 Modified model by an extra extinction
We inspected the spectra that were not fitted with the fiducial
model, and found that the fitting can be improved by several
different modifications for different groups of sources.
The first modification is to add an extinction, presumably by
the intrinsic absorber, in addition to the ISM extinction. Three
spectra (V893 Sco and BV Cen in the quiescent state and Z Cam
in the transitional state) showed an improved fitting result by
this modification. An intrinsic extinction should be also consid-
ered for sources with a spectrum fitted by the fiducial model if
the best-fit NH value is too large for the ISM extinction. We
found that KT Per is such a source.
For the four sources, we fixed the ISM extinction column to
the value derived from the B–V color (table 3) in the fiducial
model. Then, we multiplied an additional extinction model to
represent the intrinsic absorber extinction. Two models were
employed: full neutral extinction (tbabs) and a partial neutral
extinction (pcfabs). The latter yielded a statistically better and
acceptable fit for all the spectra. The best-fit model and param-
eters with the partial extinction model are shown in figure 4 and
table 3.
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Table 3. Best-fit parameters for pcfabs model.∗
Target State Seq num N ISMH † N int.H ‡ Cint.‡ Tmax Z M˙ EW LX χ2red (dof)
(×1020 cm−2) (×1022 cm−2) (keV) (Z⊙) (×10−11 M⊙ yr−1) (eV) (×1030 erg s−1)
Z Cam T 404022010 0.4 1.07+0.03−0.03 0.67+0.01−0.01 27.6+0.3−0.5 2.2+0.1−0.1 3.04+0.05−0.04 65+5−5 130.3+0.3−0.3 1.16 (2755)
BV Cen Q 407047010 5.8 1.42+0.05−0.04 0.78+0.01−0.01 27.5+0.7−0.7 1.9+0.1−0.1 9.21+0.27−0.23 65+8−10 394.4+1.7−1.7 1.20 (1333)
KT Per Q or T 403041010 3.9 0.72+0.10−0.08 0.69+0.03−0.03 10.5+0.8−0.7 0.7+0.1−0.1 1.04+0.07−0.08 73+23−25 19.2+0.2−0.2 0.99 (416)
V893 Sco Q 401041010 2.3 1.58+0.06−0.05 0.88+0.01−0.01 19.2+0.6−0.6 1.7+0.1−0.1 2.69+0.09−0.09 52+6−13 86.6+0.4−0.4 1.02 (1076)
∗ The errors indicate a 1σ statistical uncertainty.
† The hydrogen column density in ISM (N ISM
H
) are fixed to the value derived from E(B − V ) measurements for Z Cam (Baskill et al. 2005), BV Cen (Godon et al. 2012) and KT Per and
V893 Sco ( ¨Ozdo¨nmez et al. 2015).
‡ The hydrogen column density (N int.
H
) and the covering fraction (Cint.) of the the additional neutral partial covering absorption .
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Next, we divided the events into two phases depending on
the hardness ratio being greater or smaller than the median value
in order to study origin of the spectral variations. We gener-
ated spectrum of each phase (figure 5). In all the spectra, there
are no spectral changes in the hard band. However, in the soft
band, the intensity is smaller during the hard phase. We fitted
the total-band spectra in the soft and hard phases separately with
the modified model, and found that the spectral variation is pri-
marily explained by change of the partial covering fraction of
the intrinsic extinction component (table 4).
3.4 Modified model with extra soft-band emission
For other spectra during the outburst or the super-outburst
states, the fitting with the fiducial model was not successful es-
pecially below 2 keV. This cannot be explained by adding an
extra extinction (§ 3.3). However, when we restricted the en-
ergy range to 2–10 keV for the fiducial model fitting, the result
was successful; the χ2red (and d.o.f) of Z Cam, SS Cyg, U Gem,
and VW Hyi are 1.13 (55), 1.21 (582), 1.24 (508), and 1.25
(142), respectively. By extrapolating the best-fit fiducial model
to the range below 2 keV, we clearly see the excess with line
emission in the soft band, which suggests the presence of an
additional thin-thermal plasma component.
In the cooling flow component of our fiducial model, the
power-law slope of the differential emission measure distribu-
tion is fixed. Pandel et al. (2005) took a different approach by
treating the power-law slope as a free parameter. This allows
a more flexible distribution to be fitted. We followed this ap-
proach, but the soft excess emission was still found, suggesting
that the additional component is something different from the
BL plasma represented by a continuous differential emission
measure distribution.
It is also suggested that the black body emission from the
BL emerges during outbursts (Mauche et al. 1995; Long et al.
1996). The temperature is too low to constrain only from the
XIS data, so we refer to the values derived in EUVE studies:
20 eV for SS Cyg (Mauche et al. 1995), 11.9 eV for U Gem
(Long et al. 1996), and <∼10 eV for VW Hyi (Mauche 1996).
Z Cam has no reference, but has no excess emission in the soft-
est band of the XIS spectrum like U Gem, so we used 11.9 eV
as an upper limit. We did spectral fitting with the black body
luminosity as an additional free parameter, and tested the fitting
improvement by the F statistics. The addition of the black body
component was only justified for SS Cyg in outburst. We thus
added a black body component only for this spectrum hereafter.
In the end, we evaluated this soft excess emission. After
fixing the best-fit parameters of the fiducial model in the 2–
10 keV band, we added a single temperature thermal plasma
model (MEKAL; Mewe et al. 1985; Mewe et al. 1986; Liedahl
et al. 1995; Kaastra et al. 1996). As a consequence, the fitting
improved by adding one thermal plasma component in U Gem,
or two components are required in SS Cyg and Z Cam (table 5
and figure 6). The super-outburst of VW Hyi is, however, not
explained even by adding extra-soft components (table 5 and
figure 6).
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Fig. 4. Spectra and best-fit models (top) and the residuals (bottom) for the spectra fitted with the fiducial model modified by an additional neutral partial
absorption component.
Table 4. Best-fit parameters for divided spectra.∗
Target State Seq num Phase N int.H † Cint.† Tmax M˙ EW χ2red (dof)
(×1022 cm−2) (keV) (×10−11 M⊙ yr−1) (eV)
Z Cam T 404022010 Hard 0.80+0.06−0.04 0.58+0.01−0.01 28.5+0.8−1.1 2.84+0.09−0.06 62+8−8 1.11 (1657)
Soft 1.20+0.04−0.03 0.79+0.01−0.01 28.1+0.6−0.7 3.12+0.09−0.07 70+8−8 1.14 (1514)
BV Cen Q 407047010 Hard 1.10+0.08−0.07 0.70+0.01−0.01 27.2+1.5−1.8 8.5+0.4−0.3 67+13−14 1.21 (715)
Soft 1.70+0.06−0.06 0.86+0.01−0.01 27.2+1.2−1.0 10.1+0.4−0.4 58+15−10 1.18 (704)
KT Per Q or T 403041010 Hard 0.42+0.11−0.10 0.65+0.93−0.07 9.5+0.6−0.7 0.98+0.06−0.06 114+63−63 1.14 (194)
Soft 0.89+0.13−0.12 0.81+0.03−0.02 11.3+1.1−1.1 1.15+0.09−0.09 61+36−35 1.16 (210)
V893 Sco Q 401041010 Hard 1.19+0.07−0.05 0.85+0.01−0.01 20.9+0.7−0.8 2.43+0.11−0.09 40+13−13 0.98 (592)
Soft 1.99+0.08−0.06 0.92+0.01−0.01 18.4+0.7−0.8 2.88+0.14−0.11 62+13−13 1.04 (519)
∗ The errors indicate a 1σ statistical uncertainty. The hydrogen column density in ISM (N ISM
H
) and the metal abundance (Z) are fixed to the
best-fit value listed in table 3.
‡ The hydrogen column density (N int.
H
) and the covering fraction (Cint.) of the the additional neutral partial covering absorption .
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Fig. 5. XIS1 spectra in the soft (black) and hard (red) phase in the top panels and their ratio in the bottom panels.
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Table 5. Best-fit parameters for outburst and super-outburst states in the 0.25–10.0 keV band.∗
Target State Seq num NH† Tmin Tmax Z‡ M˙ kT1 kT2 TBB§ EW LX χ2red (dof)
(×1020 cm−2) (keV) (keV) (Z⊙) (×10−11 M⊙ yr−1) (keV) (keV) (eV) (eV) (×1030 erg s−1)
Z Cam O 407016010 0.4 0.0808¶ 8.0+1.6−1.8 2.2 0.17+0.06−0.03 0.14+0.02−0.02 0.60+0.03−0.02 — 36+81−36 2.68+0.05−0.04 1.57 (183)
SS Cyg O 400007010 0.35 0.0808¶ 11.6+0.5−0.3 1.22 1.72+0.05−0.06 0.17+0.01−0.01 0.61+0.01−0.01 20.0 73+10−10 39.6+0.1−0.1 1.39 (1591)
U Gem O 407035010 0.31 0.0808¶ 15.6+1.1−0.5 2.0 0.74+0.02−0.04 0.12+0.01−0.01 — — 125+12−13 19.9+0.1−0.1 1.51 (1163)
VW Hyi S 406009010 0.006 0.0808¶ 3.28+0.11−0.14 1.80 0.72+0.05−0.04 0.12+0.01−0.01 0.62+0.01−0.01 — 76+37−37 4.97+0.03−0.03 1.68 (735)
0.006 1.20+0.03−0.03 3.28+0.11−0.14 1.80 0.72+0.05−0.04 0.13+0.01−0.02 0.66+0.01−0.01 — 76+37−37 5.02+0.03−0.03 1.58 (734)
∗ The errors indicate a 1σ statistical uncertainty. kT1 and kT2 show the temperature of the additional thermal plasma component.
† The values of NH were fixed. (Z Cam; Baskill et al. 2005, SS Cyg; Mauche et al. 1988, U Gem; Long et al. 1996, VW Hyi; Polidan et al. 1990)
‡ Abundance is fixed to the best-fit values in the quiescent or the transitional state.
§ The temperature of black body component for SS Cyg. The component was not necessary for other spectra.
¶ Tmin is fixed to 80.8 eV.
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3.5 Modified model further with Tmin
One spectrum remained without being fitted successfully by any
modifications discussed in § 3.3 and § 3.4, is the VW Hyi spec-
trum in the super-outburst state. Since there are large residuals
in the 0.9–1.2 keV band (figure 6), which are presumably due to
the Fe L emission line complex, we changed the value of Tmin in
the cooling flow model to∼1 keV, which is the only free param-
eter at this point. Consequently, the fitting improved by chang-
ing Tmin ∼ 1.20 keV with the F probability of ∼3.8×10−11
against the null hypothesis that the improvement is random (ta-
ble 5 and figure 6, 7).
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Fig. 7. Spectra and best-fit models (top) and the residuals (bottom) for the
spectra fitted by altering the Tmin value.
4 Discussion
4.1 Comparison with preceding results
First, we compare our fitting results with those in preceding
works using the same data set. Byckling et al. (2010) se-
lected 12 DNe with a parallax measurement among the XMM-
Newton, ASCA, and Suzaku archives for constructing a precise
luminosity function of DNe. Eight of the samples are the same
with ours. Seven are in the quiescent state, while one (KT Per)
is in the outburst according to their classification. The states
are consistent with ours except for KT Per, which we classify
as the quiescent or transition state in our definition. They fit-
ted all the spectra using the cooling flow model similarly to our
fiducial model, including KT Per. All the parameters are consis-
tent with ours except for the abundance. The difference of the
abundance is presumably due to the use of different abundance
table; Wilms et al. (2000) used in this work has about a half of
Fe abundance than Anders & Grevesse (1989) used in Byckling
et al. (2010); Fe dominates the abundance determination in the
fitting for spectra in the quiescent state.
Saitou et al. (2012) and Ishida et al. (2009) studied individ-
ual sources (Z Cam in outburst and SS Cyg in both quiescence
and outburst, respectively) in detail. Both work used not only
the XIS but also the HXD data up to 40 keV, and fitted the spec-
tra by considering the reflection component. Since we do not
include the reflection component, our Tmax and M˙ are higher
than their results. This also gives a slight change in the estimate
of the intrinsic absorber extinction model. Saitou et al. (2012)
derived a larger covering fraction by 10% and a smaller column
density by 17% than ours. For other parameters, our results on
Z Cam and SS Cyg are consistent with those by Saitou et al.
(2012) and Ishida et al. (2009).
Mukai et al. (2009) studied V893 Sco and fitted the XIS
spectrum based on the cooling flow model. They showed that a
partial covering extinction in addition to the ISM extinction is
needed to explain the XIS spectrum , which we confirmed.
4.2 X-ray spectral characteristics of each state
We started the spectral fitting with the fiducial model, and ap-
plied several modifications finally to explain all the spectra. We
took a data-oriented approach, but the result shows that the best-
fit model depends strongly on the state of DNe. Despite the di-
versity of the samples belonging to different types, the result is
quite clear.
• All but two (BV Cen and V893 Sco) spectra in the quiescent
state were explained just by the fiducial model. The two ex-
ceptions require a partial covering absorption.
• The only spectrum definitively in the transitional state (Z
Cam) and another possibly in the transitional state (KT Per)
were explained by an additional partial covering extinction
upon the fiducial model.
• All outburst spectra were explained by the fiducial model
added by one or two thin-thermal plasma components in the
soft band.
• The only super-outburst spectrum required a further increase
of Tmin.
In all the spectra, the fiducial model explained the spectra
in the hard band, which indicates that the hard X-ray emission
arises from the BL in all the states.
Possible explanations for the partial covering material in-
clude (i) a part of the accretion disk interrupts the X-ray emis-
sion from the BL, or (ii) a part of the X-ray emission is absorbed
by an intervening matter such as clumpy disk wind. If the partial
covering absorber is a part of the disk, the variation is expected
to be related to the orbital period. We constructed light curves
in the three energy bands (0.2–10.0, 0.2–1.5, and 1.5–10.0 keV
band) and the hardness ratios in figure 8 for these sources. We
do not see a clear variation synchronized with the orbital period,
which suggests that the explanation (ii) is more likely. This is
consistent with Saitou et al. (2012) using the same data set for
Z Cam in the transitional state.
It is interesting to note that the Z Cam spectrum in the out-
burst state, which is newly presented in this work, does not re-
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Fig. 6. Spectra and best-fit models (top) and the residuals (bottom) for the spectra fitted with the fiducial model modified by additional soft thermal emission.
quire an additional partial extinction. This is in contrast with
the ASCA result (Baskill et al. 2005), in which a partial cov-
ering was required during the outburst state. The disk wind in
Z Cam may be prominent only during a part of the transitional
and outburst states.
It is also noteworthy that an additional partial extinction was
required also in two sources in the quiescent state. For one of
them (V893 Sco), Mukai et al. (2009) argued that the origin
of the intrinsic absorber is in the inner part of the disk, which is
likely for a high-inclination systems. The other source, BV Cen,
may be explained by the same interpretation, though its inclina-
tion is not very high (table 1).
Mukai et al. (2009) also found a dip in the X-ray light curve
of V893 Sco, which does not accompany the change of the spec-
tral shape. They attribute the dip to the partial covering by the
companion star. In our data, KT Per have a similar behavior; it
exhibits little change in the hardness ratio light curve unlike the
other these sources, yet shows a clear decline in the last quarter
of the X-ray light curve (figure 8). The decline does not re-
peat by the orbital phase, so the partial covering should be by
something else. There may be several different origins, and a
multiple of them are combined, for the additional extinction in
DNe.
During the outbursts and super-outburst states, additional
low-temperature thermal plasma emission was required to ex-
plain the soft excess below 2 keV (§ 3.4 and 3.5), which we
consider to originate from a region different from the BL, such
as a corona around the WD and/or the disk.
During the super-outburst of VW Hyi, a significant change
of Tmin was observed, which may indicate that the plasma struc-
ture changed in the BL during this state. This can be explained
if the inner edge of the accretion disk becomes so dense that the
WD surface is beyond the τ = 1 depth seen from the observer.
As a consequence, Tmin, which is the BL temperature at τ ∼ 1,
becomes higher than the WD surface temperature.
5 Conclusions
We carried out a systematic analysis of 21 data sets of the 15
DNe observed by Suzaku. We classified DNe based on the opti-
cal light curves into the four states; quiescent, transitional, out-
burst, and super-outburst states. We revealed a general picture
for each state in the X-rays.
For spectral analysis, we defined the isobaric cooling flow
model with a Gaussian model at 6.4 keV attenuated by a photo-
electric absorption as the “fiducial model”. All the X-ray spec-
tra except two in the quiescent state were represented by the
fiducial model. This result suggests, as Baskill et al. (2005) and
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Fig. 8. Count rate and hardness ratio light curves. (a) 0.2–10.0 keV band, (b) 0.2–1.5 keV band (soft band; S), (c) 1.5–10.0 keV (hard band; H), and
(d) hardness ratio defined as (H − S)/(H + S). In each panel, the horizontal and vertical lines indicate the median count rate and the orbital period,
respectively.
Pandel et al. (2005) pointed out, the X-ray emission is radiated
from the optically-thin multi-temperature plasma located in the
boundary layer in this state. For one DN in the transition state
and another possibly in the transition state, we fitted their spec-
tra successfully with the fiducial model modified with a partial
covering absorption by neutral matter, which we consider to be
an intervening matter such as clumpy disk wind. However, the
additional covering can be attributed by other mechanisms such
as a partial eclipse by the inner part of the disk, the companion
star, or something else. The outburst and super-outburst spectra
can be fitted with the fiducial model only in the 2.0–10.0 keV
band. We found a significant soft excess below 2.0 keV, which
was reproduced by one or two thermal plasma components. We
speculate that a possible origin for the soft excess emission is
a corona somewhere in the system. Furthermore, in the super-
outburst state, it was necessary to raise the minimum tempera-
ture of the white-dwarf surface in the fiducial model, suggesting
that the plasma structure changes in this state.
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